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SURFACE -MI CROMACHINED PRESSURE SENSOR AND HIGH 

PRESSURE APPLICATION 

CROSS-REFERENCE TO RELATED APPLICATIONS 



environments. A pressure sensor may detect the pressure in 
oil wells, automobile environments, and others, for 
example. This detection of pressure is conventionally used 
to determine the amount of oil remaining in the oil well. 
An oil well, however, may be a relatively harsh 
environment. Use in an oil well may require operation at 
high-pressure, for example 10,000 psi, and at high 
operating temperatures, e.g. 150 degrees C. 
[0003] Surface micromachined pressure sensors are known. 
However, the design and process of many of these sensors 
have been optimized for low pressure applications. 
[0004] Certain high-pressure sensors have been reported 
using silicon "bulk" micromachining . This technology has a 
number of disadvantages. A' serious problem is the 



[0001] 



The present application claims priority to 



provisional application 60/216,910, filed 7/6/00. 



BACKGROUND 



[0002] 



Pressure sensors may be used in various 
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difficulty of overpressure protection so that the diaphragm 
may crack if an over range pressure is applied. Also, the 
thickness and dimension of the diaphragm, which are 
essential for the performance of the pressure sensor, is 
difficult to control precisely by bulk micromachining ; Bulk 
micromachined sensors also often require wafer bonding, 
which sometimes introduces a thermal mismatch problem 
[0005] In contrast,' a surface micromachined high- 
pressure sensor has inherent overpressure protection and 

P 

*S more precise dimension control. In addition, the device 

2 may also be able to be formed in a smaller size and there 

is no need for wafer bonding and double-side alignment. 
Moreover, the process may be no more complicated than other 
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similar systems, 
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SUMMARY 

[0006] The present system describes a surface 
micromachined pressure sensor that may be operable in high- 
pressure, high temperature applications. The^ sensor as 
disclosed herein preferably has structure capable of 
operation at pressures higher than 6000 psi, and in fact, 
the present system may be usable at a pressure range of 
10,000 psi, 14000 psi, or even 30000 psi or higher. 
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[0007] In an embodiment, the device may be a device with 
a silicon nitride diaphragm, using the piezoresistive 
operating principle. Special techniques are disclosed to 
enable small size, inherent overpressure protection, 
precise dimension control, ease of packaging, and others. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0008] These and other aspects will now be described in 
detail with reference to the accompanying drawings, 
wherein: 

[0009] Figure 1 shows a cross-section of the first 
embodiment; 

[0010] Figure 2 shows the analytical longitudinal and 
transverse stress distribution along the surface of a 
circular diaphragm with clamped edges; 

[0011] Figures 3a-3f show a first formation technique; 
,[0012] Figure 4 shows a diagram of the pads and the chip 
used in an ideal system," 

[0013] Figure 5 shows how the chip may be wire bonded to 
a metal header; 

[0014] Figure 6 shows details of the device, with a 
number of resistors forming a Wheatstone Bridge; 
[0015] Figure 7 shows a calibration curve; 
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[0016] Figure 8 shows how a nonideal diaphragm may be 
formed by the step-up anchor and bird's beak phenomenon; 
[0017] Figure 9 shows a crosssection of a second 
embodiment; 

[0018] Figures 10A-10F show process formation for the 
second embodiment; 

[0019] Figure 11 shows calibration curves for the second 
embodiment; 

[0020] Figure 12 shows another embodiment formed as a 
doughnut structure; and 

[0021] Figure 13 shows a cross-section of this doughnut 
structure. 

DETAILED DESCRIPTION 
[0022] An embodiment described herein describes a 
surface micromachined, nitride based diaphragm which may be 
substantially l-5um, e.g. 3 urn in thickness. In the 
disclosed embodiment, the nitride used includes silicon 
nitride, e.g., SiN. This device may have a diaphragm 
diameter of 44 microns, or more. The device may be usable 
for sensing pressure within an oil well or in other 
pressure sensing applications. 

[0023] Figurev 1 shows a cross-section of the surface 
micromachined pie^oresistive high-pressure sensor according 
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to an embodiment. Strain sensitive resistors, such as 
polysilicon raiezoresistors, may be placed in a location 
where they arey sensitive to the strain caused by diaphragm 
movement. Others materials, such as platinum, can also be 
used. In a cross-^section, strain sensitive resistors 
102,104 are shown wVthin a diaphragm 106, that is formed of 
a flexible material, y That material may be silicon nitride. 
[0024] The strain sensitive resistors may be formed of 
deposited polysilicon that is buried in the silicon nitride 
diagram. This may compare with previous systems which may 
have used diffused or ion implanted resistors in a single 
crystal silicon substrate. As compared with those previous 
systems, the current deposited polysilicon resistors may 
achieve better high temperature stability. 
[0025] The diaphragm itself may be formed of low- 
pressure chemical vapor deposited silicon nitride. This 
material may have significant advantages, including a 
relatively large fracture strain, e.g., around 3 percent, 
and relatively large Young's modulus, e.g. 260 GPa.. The 
specific silicon nitride that is used is a silicon rich 
nitride deposited at 860 degrees C. with a SiH 2 Cl 2 :NH 3 gas 
flow ratio of 4:1. Unlike stoichiometric Si 3 N 4 , this 
silicon-rich nitride may include lower residual stress; 
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allowing the diaphragm to be made thicker, e.g., as thick 
as 5 urn . 



section to improve stress concentration along the 
diaphragm. The diameter d of the diaphragm is shown in 
figure 1. 



the diaphragm may include the thickness h and the radius a 
= d/2. The ratio of a/h should be small enough so that the 
diaphragm can sustain under high-pressure. On the other 
hand, sensitivity of the device may be increased by a 
larger ratio. A trade-off between these two requirements 
may exist. 

[0028] The deflection of the center, y 0 of the diaphragm 
may be approximated by the following equation: 

p<* 4 = 16 :vo , 1 ~ v y\ (i) 

Eh 4 3(1 -v 2 ) h 3(1 -v) h 3 

Where p is the applied pressure, E represents Young's 
modulus, and v represents Poisson f s ratio of the low- 
pressure chemical vapor deposited silicon nitride. 
[0029] However, equation (1) is for a edge-clamped, 
absolutely flat circular diaphragm. In the real case, the 



[0026] 



The diaphragm itself may be round in outer 



[0027] 



Two important parameters to consider when forming 
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surface is not really flat, due to the step-up anchor and 
bird's beak that are described herein. The actual 
deflection may be different than the value calculated from 
equation (1) . When optimizing the pressure sensor design, 
it may become necessary to use the data from real 
measurement. 

[0030] The depth, r, of the cavity may also determine 
the overpressure protection characteristics. In an ideal 
case, the value r should be precisely equal to y 0 , e.g., 
within 10%. For example, for a 1 urn deep overpressure 
protection, the cavity depth may be 1.1 urn. 

[0031] Figure 2 shows an exemplary stress distribution 
along the radius for an ideal clamped circular diaphragm, 
assuming small deflection. According to this distribution, 
the device may work best when the layout of the strain 
sensitive resistor does not exceed one third of the radius. 
However, this is for the ideal case, and the real 
distribution will approximate this .ideal case. The best 
strain sensitive resistor should be made as small as 
possible and close to the edge in order to increase the 
sensitivity. This may be limited by lithography capability 
and by the requirement for total resistance as described 
herein . 
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[0032] 



The fabrication of this device is shown in 



figures 3A-3F, and described herein. 



[0033] 



In figure 3A, a silicon wafer 300 is obtained 



with a silicon nitride layer 302 thereon. The silicon 
nitride layer may be deposited using conventional 
techniques, for example. The silicon nitride layer may be, 
as described above, a low stress silicon nitride layer. As 
shown in figure 3a, a window 305 may be formed in the 
silicon nitride layer 302. The window may also be etched 
further into the silicon layer 300 in order to obtain a 
desired depth trench. 

[0034] In figure 3b, the etched trench is filled with a 
sacrificial material. Different materials can be used as 
the sacrificial layer. In this embodiment, the sacrificial 
material may be formed using local oxidation of silicon 
(LOCOS) to form a thermal silicon dioxide layer 310. 
[0035] The entire device, including the sacrificial 
layer, e.g., thermal silicon dioxide layer 310, may then be 
planarized using HF dip. 

[0036] Also in figure 3B, a phosphosilicate glass (PSG) 
layer 312 may be deposited. The PS glass layer 312 is 
patterned and annealed to form the etching channels. PSG 
has the interesting feature that it can be "reflowed" 
easily around 1050 degrees C. The operation of ref lowing 
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consists of heating the glass until it is soft, but not 
completely melted. Residual stresses in the glass may be 
released. Importantly, the edges of the glass are 
inherently rounded by the reflow operation: This reflow 
capability may hence avoid sharp angles at the boundary 
formed during the etching process. By rounding the areas 
of these boundaries, stress concentration may be reduced. 
This property is very important for the diaphragm to 
q survive in high pressure. 

*|3 [0037] In figure 3C, a silicon nitride layer 320 is 

o 

O deposited over the PSG layer, which may be approximately 

SJ 

-P 1-5 microns in thickness. This low stress silicon nitride 

u 

||L may then be patterned to open the etching holes such as 

321. Note the areas where the PSG layer 312 is covered by 
the silicon nitride may form step up anchor like 323. As 
shown in figure 8, nonideal diaphragm may be formed by the 
step up anchor and bird's beak phenomenon. The step up 
anchor is formed by the edge of the sacrificial layer, 
which is PSG herein. The bird's beak is caused by the 
lateral diffusion of. oxidation during the LOCOS step. This 
lateral diffusion may cause an increase in the volume of 
the substrate, thus causing the geometric shape change 
referred to herein as the bird's beak. 
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[0038] In figure 3D, the sacrificial layer, here PSG and 
*J silicon dioxideV layer 310, may be removed using a 49 
percent HF solution to release the silicon nitride 
diaphragm. After ^etching away the sacrif icial/PSG layer, 
the cavity height will be decreased by about 10% due to the 
tensile stress of tha LPCVD silicon nitride. This decrease 
may also be considered^ when optimizing the design. 
[0039] A second silicon nitride layer 330 may be formed 
over the first silicon nitride layer to a thickness to 
reach the desired silicon nitride thickness and seal the 
cavity at the same time. 

[0040] In another embodiment, a multi-layer structure 
may be formed. For example, silicon nitride can be 
deposited first to seal the cavity, followed by deposition 
of polysilicon and then silicon nitride again. In this way, 
a much thicker diaphragm can be fabricated. The polysilicon 
layer can also be used as an electrode in capacitive 
sensing . 

[0041] In figure\3C, the polysilicon films 340, which 
^will form the strain Sensitive resistors, are deposited. 
These films may be 500CK angstroms in thickness. The films 
may be deposited, doped, \and patterned to form the eventual 
sensing resistors. Each ofi^ the polysilicon films may be 
doped twice. 
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[0042] The first doping carries out a global boron 
implantation at a dose of 10 15 /cm 2 . This may minimize the 
temperature coefficient of resistance. A second doping 
process implants a selective high dose of boron ion, e.g. 
10 16 /cm 2 on the temperature sensors and also on the 
contacts. This may also be deposited on the turning around 
sections of the polysilicon resistors. This may be carried 
out to minimize the non-effective resistance. A patterned 
photoresist layer may be used as the dope mask during the 
heavy dope at desired areas. 

[0043] The temperature coefficient of resistance of this 
heavily doped polysilicon is about 0.1 percent per degrees 
centigrade. 

[0044] Another 2000 angstrom silicon nitride is 
deposited as a passivation layer 350 as shown in figure 3F. 
The final silicon nitride layer 350 is then etched to open 
contact holes 352. The contact holes are filled with 
aluminum 354. Finally, aluminum is patterned and the wafer 
is diced into pieces, e.g. of 3x3 square milimeters. 
[0045] Figure 4 shows a diced sensor chip with the 
aluminum pads 400, leading to the resistors. Figure 5 
shows the chip wire bonded to a metal header. 
5^ [0046] Figure \ shows further details of the device. 
The temperature sensor includes a polysilicon thermistor 
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used for temperature compensation. Four silicon nitride 
diaphragms 500, 502^, 504, 506 may be used. The multiple 
diaphragm configuration may be used to avoid the self- 
heating effect. SelV heating may be due to the small 
diaphragm size, and tbermal isolation within the vacuum 
cavity. Strain sensitive resistors are allocated among the 
multiple diaphragms to \increase the resistance and thereby 
decrease the total power consumed. Moreover, the power may 
be dissipated over a larfaer area to further reduce the 
power density. In an embodiment, half of the polysilicon 
resistors may be formed oA the silicon nitride diaphragm, 
with the other half being formed on the silicon substrate. 
[0047] Figurey 6 shows the piezoresistors arranged as a 
Wheatstone bridgeX with some of the resistors on the 
substrate, and otherNs of the resistors on the diaphragm. 
This may be formed by\resistors which are on the 
diaphragms, and to other\ resistors which are off of the 
diaphragms, e.g. on the substrate. 

[0048] Conventional techniques may be used to calibrate 
the sensor. For example, the sensor may be calibrated 
using a deadweight tester gauge. A calibration curve, such 
as shown in figure 7, may be developed. Moreover, the same 
testing technique may be used to determine sensitivity to 
temperature drift . 
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[0049] As the size of the diaphragm increases, the 
inventor found tftat cracks may occur at boundaries of the 
diaphragm. These cracks may be especially problematic at 
areas of the edges of the sacrificial layer. For example, 
figure 8 shows how cracks may occur at those edge areas. 
[0050] Different techniques may be carried out to avoid 
sharp angles at the boundaries in order to minimize the 
chance to crack. For example, the PSG may be reflowed at 
1050 degrees C to avoid sharp angles at the boundary. 
[0051]- The additional operations may be carried out to 
improve this sensor. One operation may reduce the ratio of 
a to h in order to. increase the measurement range of the 
sensor. In one embodiment, the depth of the cavity is 
substantially equal to the maximum deflection y 0 of the 
diaphragm in order to implement overpressure protection. 
By carefully choosing the diaphragm thickness and diameter, 
yo can be as small as 0.4um when maximum pressure is 
applied. This thickness can be realized using one single 
layer of PSG as the sacrificial material, obviating the 
need for the LOCOS process. This layer of PSG forms the 
cavity and etching channels at the same time. This may 
simplify the process, and avoid the bird's beak on the 
diaphragm. 
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[0052] 



Figures 10A-10F show a second fabrication process 



which may include certain advantages. In the second 



fabrication process of figures 10A-10F, the LOCOS step is 



eliminated. This may be relatively important. In the 
previous system, the LOCOS process has been difficult to 
implement since there is no etch stop. This means that the 
process needs to be monitored very carefully to obtain a 
desirable depth. By eliminating this step, the fabrication 
process may be simplified significantly and the cavity 
depth can be controlled much more precisely. 
[0053] In figure 10 A, a first mask process is shown, in 
which a layer of PSG 1000 is formed on the silicon 
substrate 999. The PSG is deposited, and patterned, and 
ref lowed, as described above. 

[0054] In figure 10 B., the silicon nitride layer 1010 
is deposited, and etching holes such as 1012 .are opened. 

[0055] Figure 10C removes the sacrificial PSG layer 
1000, using concentrated HF. This leaves an opening 1020 
which eventually becomes the vacuum cavity. The vacuum 
cavity is subsequently covered by multiple silicon nitride 
layers as shown in figure 10 D. 

[0056] Figure 10E shows masks No. 3 and 4 which are used 
to deposit, dope and pattern the polysilicon. 
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[0057] In figure 10 F, a thin silicon nitride is formed 
e.g. 0.2 microns, contact holes are opened, and aluminum 
metallization is added. This may use masks numbers 5 and 6 
for this process. 

[0058] An important feature of this second process, is 
that the cavity and the etching channel are formed at the 
same time, in one single step. This means, therefore, that 
the channels are automatically aligned, and also simplifies 
the formation process. 

[0059] Figure 9 shows a cross-section of this circular 
diaphragm. As can be seen in figure 9, the diameter 902 of 
the diaphragm is defined by the area where the silicon 
nitride element 900 is raised above the silicon substrate 
905 to form a vacuum cavity 910. The silicon nitride 
diaphragm may have a thickness H of 4 . 6 microns, and the 
vacuum cavity may have a thickness t of 0.5 microns. 
[0060] This second process may increase the diaphragm 
thickness to 4.6 urn and may decrease the diameter to 40 urn. 
The pressure range is -14,000psi. This system may also 
have inherent overpressure protection property, which may 
be very desirable in certain applications. 
[0061] Significant process improvements may also be 
found in this new run. By eliminating the LOCOS process, 
the birds beak phenomenon is eliminated. 
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[0062] In one embodiment, the design layout is not 
symmetric. If zero pressure is provided, then the 
resistances of the piezoresistors on the diaphragm might 
not be equal, at least partly 'due to the presence of the 
step up anchor, and the birds beak. The offset voltage may 
be nonzero, e.g. as large as 0.1 volts with 1 volt 
excitation voltage. 

[0063] This offset voltage may be minimized by using 

non-active resistors on "dummy" diaphragms. The dummy 

diaphragms may be the same as the real diaphragms except 

that the sacrificial materials, such as PSG, need not be 

removed from those dummy diaphragms. These dummy 

diaphragms may therefore have the same surface profiles as 

the real diaphragms and therefore active and non-active 

resistors may have same resistances. The second 

embodiment may also use this dummy diaphragm scheme. The 

offset voltage is reduced considerably, e.g., there may be 

only a few mV when IV excitation voltage is applied. The 

sensitivity is shown in figure 11. Figu re 11 also sh ows 

. — - — ^ 

the inherent overpressure protection, 
v , — , 

[0064] Another embodiment may form a pressure sensor 
with a so-called doughnut structure as shown in figure 12, 
with a cross-section being shown in figure 13. In the 
"doughnut" embodiment, the silicon nitride membrane 1300 
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forms a doughnut shaped cavity 1305 which is anchored in 
the center shown as 1310. The cavity shaped 1305 can be 
seen in the top view of figure 12, along with the anchor 
1310. Since the cavity is anchored in the center, even 
higher pressure capabilities are possible. Figure 12 shows 
how a plurality of the doughnut structures can be connected 
together. This system may operate at a much higher 
pressure range, e.g., 30,000psi. 

[0065] Although only a few embodiments have been 
disclosed in detail above, other modifications are 
possible. 

[0066] For example, in order to improve the stability, 
heavily doped polysilicon may be used as the piezoresistor , 
for example polysilicon that is doped to 10 16 /cm 2 . This 
same doping value may be used for the contact area. This 
may also produce the advantage of requiring only one single 
global, but heavy, dope operation. This may also allow 
elimination of one of the lithography step which patterns 
the mask for the heavily dope. Thus, this may be a further 
simplification of the process. 

[0067] The process of the 2 nd run is pure surface 
micromachined. The wafer only serves as carrier. If 
necessary; other type of waf ers, .e . g . , which have same 



17 



Attorney Docket No . ^^618/662001/CIT3252 



thermal expansion coefficients as silicon nitride, can be 
used to reduce thermal mismatch. 
[0068] Other sacrificial materials such as 
borophosphosilicate glass (BPSG) can be used so that a 
reflow temperature as low as 700 degree C can be obtained. 
[0069] In addition to polysilicon, metals such as 
platinum may be used as strain sensitive resistors. 
[0070] Silicon Carbide may also be used as the diaphragm 
material. 

[0071] Strain sensitive resistors may also be put in the 
central region of the diaphragm to utilize the negative 
strain so that a higher sensitivity may be achieved. 
[0072] Other operating principles such as capacitive 
sensing and piezoelectric sensing are also possible. 
[0073] All such modifications are intended to be 

encompassed within the following claims, in which: 
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